This survey of the marine ichthyofauna of the Piton de La Fournaise volcano at Reunion Island is the first explanatory study of fish community structures in this area. It describes and analyses the main qualitative descriptors of the fish communities (i.e. species richness, diet, life history and geographical distribution) and their spatio-temporal organization. This investigation in 2011 examined lava flows of different ages, including the most recent flows that entered the ocean between 1977 and 2007. In all, 263 species belonging to 45 families were observed. Overall, the fish community was notable for an absence of top predators and a predominance of opportunistic small-bodied species, with dietary flexibility and high reproductive rates, characteristic of the early stages of ecological succession. Between-site analysis indicated that the fish assemblages differed essentially according to the intensity of the last volcanic disturbances. Fish communities in the most disturbed sites showed the highest numbers of Serranidae and the highest proportions of omnivores and small-bodied opportunistic carnivores, including a high proportion of endemic south-western Indian Ocean species. The spatial pattern of this last category of species could be the result of convergent biological traits, and their adaptation to unstable environments at the expense of their competitiveness in more biodiverse, mature communities. Conversely, fish communities in the less disturbed sites showed the highest number of Holocentridae and the highest proportion of browsers of sessile invertebrates. This last characteristic could be a consequence of higher ecological maturity, illustrated by a more specialized trophic network, for assemblages in areas with less intense disturbances. Otherwise, high structural complexity, either in unconsolidated lava boulders, rocks and rubble or high coral-covered sites, could favour the increase of the total number of species independent of disturbance intensity. Regarding the broader effects, this study helps better understand how ecosystems can resist or recover from acute disturbances and the process of ecological succession that leads to the establishment of fish communities in newly submerged habitats. §Author to whom correspondence should be addressed.
This survey of the marine ichthyofauna of the Piton de La Fournaise volcano at Reunion Island is the first explanatory study of fish community structures in this area. It describes and analyses the main qualitative descriptors of the fish communities (i.e. species richness, diet, life history and geographical distribution) and their spatio-temporal organization. This investigation in 2011 examined lava flows of different ages, including the most recent flows that entered the ocean between 1977 and 2007. In all, 263 species belonging to 45 families were observed. Overall, the fish community was notable for an absence of top predators and a predominance of opportunistic small-bodied species, with dietary flexibility and high reproductive rates, characteristic of the early stages of ecological succession. Between-site analysis indicated that the fish assemblages differed essentially according to the intensity of the last volcanic disturbances. Fish communities in the most disturbed sites showed the highest numbers of Serranidae and the highest proportions of omnivores and small-bodied opportunistic carnivores, including a high proportion of endemic south-western Indian Ocean species. The spatial pattern of this last category of species could be the result of convergent biological traits, and their adaptation to unstable environments at the expense of their competitiveness in more biodiverse, mature communities. Conversely, fish communities in the less disturbed sites showed the highest number of Holocentridae and the highest proportion of browsers of sessile invertebrates. This last characteristic could be a consequence of higher ecological maturity, illustrated by a more specialized trophic network, for assemblages in areas with less intense disturbances. Otherwise, high structural complexity, either in unconsolidated lava boulders, rocks and rubble or high coral-covered sites, could favour the increase of the total number of species independent of disturbance intensity. Regarding the broader effects, this study helps better understand how ecosystems can resist or recover from acute disturbances and the process of ecological succession that leads to the establishment of fish communities in newly submerged habitats.
INTRODUCTION
Marine ecosystems in active volcanic areas are regularly exposed to natural hazards such as incandescent lava flows, landslides caused by micro-seismic events, changes in physicochemical conditions or water warming (Okubo & Clague, 2009) . Both the frequency and the intensity of these disturbances can influence the structure of communities, including species richness (Connell, 1978) , life-history strategies (Odum, 1969; Leps et al ., 1982) or trophic structure (Odum, 1969; Sandin & Sala, 2012) . These acute natural disturbance events result in shallow-water biocoenoses that maintain a relatively simple ecological structure (Grigg & Maragos, 1974) . This geological context is ideal for studying the developmental stage of ecological successions that eventually lead to complex ecosystems such as coral reefs. The study of these successions is essential in helping to understand the mechanisms of colonization and establishment used by pioneer organisms, particularly in the conservation and management of marine protected areas that rely on artificial reefs or other tools for ecological restoration. Reunion Island is one of the few places in the world where volcanic activity is very frequent, with 27 eruptions occurring between 1998 and 2007 and a mean frequency of an eruptive phase every 9 months in the past century (Tanguy et al ., 2011) . It is also one of the few places where lava flows into the ocean on a frequent basis (Coppola et al ., 2005; Michon & Saint-Ange, 2008) . Community development on lava flows is a subject of considerable interest in the study of the natural history of Reunion Island and the Mascarene Archipelago. Although terrestrial succession on lava has been well studied in Reunion Island (Strasberg, 1995) , the development of fish assemblages has never been monitored on the submerged flows. In April 2007, lava from a continuing eruption of the Piton de la Fournaise volcano entered the ocean at Saint Philippe (south-east coast). The underwater portion of the flow created an area of new substratum several hundred metres in width. This event presented a rare opportunity to study two different, but related aspects of coastal fish ecology. The primary aim of the study was to establish a baseline inventory of the overall fish species of the Piton de la Fournaise lava flows by describing a fish community in an area including recent basaltic substratum (4 years). The second aim was to compare fish assemblages sampled from different lava flows, in relation to successional theory.
MATERIALS AND METHODS

S T U DY S I T E Located at 21·0
• N; 55·4
• E, 800 km from the eastern coast of Madagascar, Reunion is an island of the Mascarene Archipelago, which also includes Mauritius and Rodrigues (Fig. 1) . Mauritius is dated at 8 million years, Reunion 3 million years and Rodrigues 1·5 million years (Fricke, 1999) . These three geologically young oceanic islands are entirely of volcanic origin and have undergone various changes during successive eruptive phases. Reunion is composed of two volcanoes: the Piton des Neiges and the Piton de la Fournaise. The former has been extinct for c. 70 000 years, while the latter is still active with effusive activity (Chevallier & Vatin-Perignon, 1982) .
The island's coastline is characterized by a very narrow insular shelf and steep slopes. The west coast has discontinuous stretches of fringing reef for 25 km and is highly urbanized (Tessier et al ., 2005) . In contrast, the south-east region, marked by the volcanic activity of the Piton de la Fournaise, is sparsely inhabited. The majority of the most recent lava flows entered the ocean inside a caldera, forming the area known as the volcanic enclosure (VE) Island, south-western Indian Ocean. , outside volcanic enclosure; , inside volcanic enclosure; , most recent lava flows and crater; , sampling transects; , major population centres (>60 000 inhabitants); , ports.
( Fig. 1 ). This coast is exposed to trade winds and is further characterized by regular swell, which can sometimes be very strong, particularly during the austral winter (Letourneur, 1998) , and by widespread runoff and percolation generated by very heavy rainfall, exceeding 6 m year −1 (Barcelo et al ., 1997) . The shoreline of the VE, which forms the southern area of the study site, consists of sea cliffs 3-8 m high that continue vertically underwater to depths of between 3 and 5 m. The deeper areas of the flows consist largely of unconsolidated lava boulder, loose rocks and rubble, with the bottom sloping into deep water at an angle of c. 30
• . The area immediately to the north of the VE, which forms the central area of the study site, is on a prehistoric flow of undetermined age. First evidence of an eruption of the Piton de la Fournaise dates from 1640, but many flows occurred well before that date (McDougall, 1971) . The northern area of the study site consists of a flow that occurred in 1977, which entered the sea outside the VE, creating a shoreline c. 750 m wide with sea cliffs 3-5 m high and small black-sand beaches on either side. The substratum immediately offshore from the prehistoric and the 1977 flows consists of large (1-3 m diameter) angular boulders and slopes steeply to a depth of 8 m. Between 8 and 20 m, the bottom slopes downwards more gradually and beyond the 20 m contour the bottom once again drops away at a steep angle. The substratum between 8 and 20 m consists of wavesmoothed compact lava with high algal cover. Pocillopora verrucosa, Pocillopora eydouxi , Pocillopora damicornis and Pocillopora meandrina were the most abundant corals, but cover was sparse and tended to grow towards the north. Well-developed coral communities were found between 10 and 25 m north of the study site, on the 1977 flow and the Caesari Rock and Waterfalls Bay areas (Fig. 1) . Although the health status of the coral communities was good in the two northernmost areas, they were partially dead or necrotic in Waterfalls Bay.
S A M P L I N G M E T H O D
The fieldwork took place over an eight-day period in late November 2011 (austral summer). Thirty-eight stations at depths ranging from 5 to 30 m were sampled within 10 transects pendicular to the shore (Fig. 1) . Each transect contained four sampling stations (20-30, 15-20, 10-15 and 5-10 m) except for R2 and R10, which contained three stations (20-30, 15-20 and 10-15 m) because of the difficult weather conditions faced on the last sampling day. Moreover, high surge conditions and limited visibility due to a mist of fine air bubbles made it impossible to survey the shallow sub-tidal communities. The transects were located along the shore in two sectors: (1) inside and (2) outside the VE, on the different aged flows. All sampling took place between 0900 and 1600 hours.
Qualitative sampling of fish species richness, based on presence or absence, was conducted with underwater visual census (UVC) techniques, mainly using slate with video recording devices (Labrosse et al ., 2002) . The deepest end of each transect (30 m) was located by dropping a weighted float overboard after recording the station position with a Garmin eTrex GPS receiver (www.garmin.com). Two trained divers then moved randomly over an estimated area of 300 m 2 for 15 min, between 20 and 30 m depth, carefully recording each observed species (station 1). Once this time elapsed, the two divers moved towards the shore and repeated the protocol between 20 and 15 m (station 2), then 15 and 10 m (station 3) and finally 10 and 5 m depth (station 4). UVCs are non-destructive, fishery-independent methods and therefore far superior to destructive collection techniques, especially in sensitive areas. UVCs require little post-processing, whereas collections take many hours to complete. This method is, however, known for its tendency to underestimate the small-bodied, nocturnal and cryptic components of the fish fauna (Harmelin-Vivien et al ., 1985; Fowler, 1987; Willis, 2001) . In order to minimize this source of bias, a stratified sampling method was implemented. This method consisted of dividing the population into more homogeneous sub-groups (Labrosse et al ., 2002) . In this study, two strata were introduced, based mainly on the behaviour of the sampled fish species: (1) demersal and semi-pelagic species (e.g. Labridae, Pomacentridae and Carangidae) and (2) mimetic, cryptic and buried species (e.g. Gobiidae, Scorpaenidae and Muraenidae). Each stratum was sampled in exactly the same way by the ichthyologists. Any species that could not be identified during the survey were determined retrospectively from references (Lieske & Myers, 1994; Taquet & Diringer, 2007) .
A NA LY S E D VA R I A B L E S
With reference to the extensive literature (Hiatt & Strasburg, 1960; Hobson, 1974; Myers, 1999; Froese & Pauly, 2012) , a study was carried out on diet and eight categories were considered: (1) herbivores (grazing on microalgae or macrophytes), (2) omnivores (feeding opportunistically on available food, including organic debris), (3) browsers of sessile invertebrates (feeding especially on coral polyps, but also on other fixed organisms), (4) diurnal and (5) nocturnal carnivores (consuming benthic invertebrates), (6) piscivores (preying on other fishes), (7) diurnal and (8) nocturnal planktivores (capturing plankton, mainly animal). Each reference describes the specific trophic assignments of the fish species. Only the main trophic assignment of each species was included in the analyses (Appendix). When several references showed conflicting results for a given species, the most commonly attributed trophic assignment was selected.
Using published literature, the life history of each recorded species was defined, based on biological and behavioural characteristics, such as asymptotic length, length at first maturity, sexual and social behaviour and fertility (Lieske & Myers, 1994; Colin, 1996; Taquet & Diringer, 2007; Froese & Pauly, 2012) . The species were then assigned to three classes (Mellin et al ., 2006) : (1) class 1 is composed of small-bodied species (asymptotic length <30 cm) with early breeding and high reproductive effort; often occuring in schools, have simple sexual behaviour, rapid growth and a high mortality rate. (2) Class 2 is also composed of small-bodied species but are characterized by a later age of first reproduction (1-3 years). Their sexual behaviour can be complex and their growth rate, which is initially rapid, slows after the first reproduction. (3) Class 3 consists of medium to large species (>30 cm) with first reproduction at 2-3 years of age; they are often territorial; their growth can be rapid initially and then slows after the first reproduction; their mortality rate is low to medium (Appendix).
The species distribution patterns were grouped into four categories: (1) circumtropical, (2) Indo-Pacific, (3) Indo-West Pacific and (4) south-western Indian Ocean, which included strictly endemic species of the Mascarene Islands (Fig. 2 ). This biogeographic information was provided by the online information system AquaMaps (Kaschner et al ., 2010) . This tool uses a niche modelling approach (Hutchinson, 1957) to generate predicted distributions for marine species based on available distribution data or described ecological tolerances. In essence, provided that a minimum acceptable level of information is available, the tool will generate a modelled predicted distribution for any species, as calculated by the probability of occurrence in the entire ocean. Predicted distributions based on ecological tolerances often present ranges that exceed the actual known distributions of species, because the geographic distributions of suitable ecological variables usually extend over a much greater area than the known ranges of species (Rees, 2008) . This theoretical approach was essential in order to assess the distribution of rare species and especially species that were never before recorded from Reunion Island. This method ignores the evolutionary constraints of historical biogeography, however, providing potential ranges that would be possible if dispersal was unlimited instead of actual ranges, limited by evolutionary origins and real dispersal capabilities. It is therefore possible that some model-based distribution patterns are slightly wider than the real ones.
DATA A NA LY S I S Pair-wise similarities between transects were measured and integrated into a similarity matrix. The Jaccard similarity index (Downton & Brennan, 1980) was used in this study because of the asymmetric and binary nature of the data. It is calculated by dividing the number of species found in both the samples by the number found in only one sample or the other. It is defined as the size of the intersection divided by the size of the union of the sample sets (A and B ):
The cluster analysis consisted of performing hierarchical cluster analysis using a set of similarities for the 10 transects, employing Ward's minimum variance method (Ward, 1963) , aimed at finding compact, spherical clusters, as the clustering method.
The normality of the statistical distribution of the numbers or percentages of species was controlled by a Shapiro-Wilk test (Shapiro & Wilk, 1965 ). Bartlett's test for homogeneity of variances (Snedecor & Cochran, 1989 ) was used to verify whether k samples (i .e. measured in different groups of stations) had equal variances. When necessary, the one-parameter Box-Cox transformation (Box & Cox, 1964) was implemented on variables in order to reduce anomalies such as non-additivity, non-normality and heteroscedasticity (Sakia, 1992) . A comparison of the k samples was then made using a parametric one-way ANOVA (Cockerham, 1969 (Cockerham, , 1973 . Student-Newman-Keuls multiple comparisons (Zar, 1984) were used for pair-wise comparisons. The number of species is a discrete quantitative variable with a limited range of possible values. The ANOVA statistical procedure is based on the assumption of a Gaussian distribution of the outcome at each level of the explanatory variable (Cockerham, 1973) . In this case, it is judged to be a reasonable approximation to treat the number of species as a continuous variable. Although there is no hard-and-fast rule, 11 different values might be considered borderline, whereas, for example, five different values would be hard to justify as possibly consistent with a Gaussian distribution (Seltman, 2012) . In this study, the number of species per station presented 23 different values, so the approximation of normal distribution is tolerated.
Statistical significance testing was set at 0·05. All statistical analyses were performed with R (R Development Core Team; www.r-project.org) using package ade-4 (Chessel et al ., 2004) .
RESULTS
S P E C I E S R I C H N E S S
The total number of species (N TS ) was 263 and the total number of families (N TF ) was 45 (Appendix). The mean ± s.d. number of species per station (N MS ) was 53·9 ± 11·8 (Table I) . Only two species were cartilaginous fishes (Chondrichthyes). The other 261 species were bony fishes (Osteichthyes). It was noted that 109 species (41% N TS ) belong to four main families: Labridae (42 species), Pomacentridae (26 Cluster analysis was performed to examine the overall similarity of assemblages between sampling transects (Fig. 3 ). There was a clear separation between the most recent sites (R6-R10) and both the prehistoric sites (R2-R5) and the 34 year site (R1). There was, however, no clear separation between the prehistoric sites and 34 year site. Three different groups of sites were identified (Fig. 3) . The first group (group I) consisted of the most recent sites, which had also felt the most intensive 3, 4, 5, 6, 7, 8, 10 effects from the volcanic activity inside the VE in recent years. It was the only group where similarity indices were closely linked to the age of the sites (R7, R8: 2002-2004; R6: 2005; R9, R10: 2007) . The second group (group II), composed of prehistoric sites adjacent to the VE, was considered as a transitional group with a former substratum, but also subjected to a relatively high influence from volcanic activity perpetuated by water warming. The third group (group III), composed of the 34 year site and prehistoric sites located further from the VE, was considered as the group that had been less intensively affected by volcanic activity in recent decades and whose assemblages had been stable for at least 34 years. Thus, the groups can be sorted by the strength of the influence of the very last eruption, which is highly linked to the distance to the most recent flow. The above analysis is limited to the similarities of the entire assemblages at each of the sites. To determine which groups contributed to the differences, the family and species distributions had to be examined individually. Thus, the N MS of the eight richest families were compared across the groups (Table III) . Differences among groups were found for two families: Serranidae and Holocentridae. No between-group differences were found for Labridae, Pomacentridae, Acanthuridae, Chaetodontidae, Balistidae, Blenniidae, Muraenidae and Mullidae. The N MS of Serranidae (groupers and anthias) measured in group I showed significantly higher value than that measured in group III (all tests were ANOVA, F 2,35 = 6·28, P < 0·001); group II presented an intermediate value. Moreover, the N MS of Holocentridae (soldierfishes and squirrelfishes) was higher in group III than in either group I or II (F 2,35 = 6·59, P < 0·001). The entire N MS (of all families combined) also showed significant differences between groups (F 2,35 = 6·09, P < 0·05). It was lower in group II than in either group I or III. The entire N MS , however, showed no significant differences between ages of sites (4, 6, 7 and 34 years, and prehistoric: F 4,35 = 0·70, P > 0·05).
T RO P H I C S T RU C T U R E
The most common guild was carnivores, with 178 species (68% of the N TS ), feeding on zooplankton, fishes or invertebrates. Among them, small diurnal carnivores were the most highly represented with 61 species (23% of the N TS , e.g. Labridae), followed by piscivores composed of 32 species (12%, e.g. Muraenidae, Serranidae, Scorpaenidae and Synodontidae). Nocturnal carnivores (10%, e.g. Serranidae and Lethrinidae), diurnal planktivores (9%, e.g. Pomacentridae), browsers of sessile invertebrates (7%, e.g. Chaetodontidae) and nocturnal planktivores (7%, e.g. Apogonidae and Holocentridae) were the least represented carnivorous 
categories. Among the other diets, omnivores were composed of 47 species (18%, e.g. Pomacentridae), while herbivores were represented by 38 species (14%, e.g. Acanthuridae and Scaridae). The mean percentages of species per station (%N MS ) of the eight dietary categories were compared between the groups of sites previously identified by the cluster analysis [Table IV(a)]. The %N MS of browsers of sessile invertebrates measured in group III showed significantly higher value than that measured in group I (F 2,35 = 6·36, P < 0·001); group II presented intermediate values. In the same way, the %N MS of omnivores measured in groups I and II were significantly higher than that measured in group III (F 2,35 = 7·04, P < 0·001). Finally, the %N MS of piscivores measured in group I showed a significantly higher value than that measured in group II (F 2,35 = 5·21, P < 0·05); group III presented an intermediate value. No betweengroup differences were found for the %N MS of diurnal and nocturnal carnivores, herbivores and diurnal and nocturnal planktivores.
G E O G R A P H I C A L D I S T R I B U T I O N A N D L I F E H I S T O RY
The main elements of the fish fauna of the Piton de la Fournaise consisted of widespread tropical Indo-Pacific species (177 species, 69% of the N TS ). Only five species (2%) were circumtropical, 43 species (17%) were Indo-West Pacific and 31 (12%) were endemic to the south-western Indian Ocean and the Mascarene Islands. The %N MS of the south-western Indian Ocean measured in group III showed significantly lower values than those measured in group I or II (F 2,35 = 10·02, P < 0·001) [Table IV(b) ]. No differences were found between the groups for the %N MS of circumtropical, Indo-Pacific and Indo-West Pacific.
The analysis of species life history showed a dominance of classes 1 (e.g. Pomacentridae and Chaetodontidae) and 2 (e.g. Labridae and Acanthuridae), which accounted for 55 and 26% of the N TS , respectively. Class 3 was composed of 51 
species (e.g. Muraenidae and Naso genus Acanthuridae), representing 19% of the N TS . Life-history classes showed highly homogeneous %N MS , with no significant differences between groups [Table IV(c)].
DISCUSSION
S P E C I E S R I C H N E S S
The 263 species recorded in this study represented 27% of the 965 marine fishes listed for the Reunion Island territory (Fricke et al ., 2009 ) and 23% of the 1123 species indexed in the fish checklist for the Mascarene Islands [Reunion, Mauritius and Rodrigues; (Fricke, 1999) ].
The Hawaiian Archipelago is the most studied area of tropical oceanic islands with high volcanic activity, but only few studies have dealt with the most recent lava flows of the main active volcanoes, Mauna Loa and Kilauea (Gosline et al ., 1954; Grigg & Maragos, 1974; Godwin & Kosaki, 1989) . Godwin & Kosaki (1989) observed fish community development in an essentially similar situation at Kapa'ahu, on the eastern coast of the Kilauea volcano, for 3 months after a flow. Their study had an essentially quantitative approach (fish densities); however, there are few points of comparison with the present work, which was exclusively conducted using the qualitative presence or absence method.
Despite the limited duration of the study (8 days) and the use of the UVC method, which typically underestimates the total community (Harmelin-Vivien et al ., 1985; Fowler, 1987; Willis, 2001) , the N TS of the Piton de la Fournaise was elevated for a non-reef area (i .e. outside the fringing reefs), especially one situated on an active volcano. Some families such as the Syngnathidae, Pinguipedidae, Scombridae and Haemulidae were, however, only represented by a single species. It is probable that other species of these common families in the Indian Ocean islands (Fricke, 1999; Fricke et al ., 2009) were present in this area, but the survey design (e.g. UVC methods) was not set-up to identify these mimetic, cryptic or elusive species. Likewise, no species of large-bodied pelagic and semi-pelagic families such as Carcharhinidae, Sphyrnidae, Sphyraenidae and Belonidae were observed during the sampling period; yet, these species are occasionally observed by divers in this type of habitat, with an extremely narrow insular shelf (Hampton, 1992; Lawson et al ., 2000) . Although there is plenty of evidence to suggest that for large-bodied species their habitat ranges span many kilometres (Meyer et al ., 2007; Heupel et al ., 2010; Williams et al ., 2010) and there are probably days when the conditions are favourable to moderate levels of fisheries exploitation that can have an effect, especially on large-bodied species, which tend to be slow-growing and long-lived (Russ & Alcala, 1989; Jennings & Polunin, 1996) , it is quite unlikely that this scarcity is the unique consequence of overfishing, given that two environmental variables, swell and a narrow insular shelf, significantly reduce the potential for the exploitation of coastal fisheries in the south region of Reunion Island (Leblond et al ., 2010) . Moreover, the sampling sites were located >10 km from the nearest fishing port (Fig. 1) , i .e. quite a long distance for the 5-7 m traditional boats that constitute 67% of the Reunionese fleet (Leblond et al ., 2010) . Thus, it is more likely that the sample size or the area covered may have been too small to assess large-bodied rare species. Also, the sampling season may partly explain the scarcity of these pelagic species. Indeed, some species, including Carangidae and Scombridae, tend to move away from the coast in November for breeding out at sea (Soria et al ., 2009) .
The entire N MS showed the highest values in groups I and III. Odum (1969) suggested that as ecosystems develop they gain complexity and become more resistant and resilient, gaining system-wide buffers to extrinsic and intrinsic perturbations. He indicated that the variety of species tends to increase during the early stages of community development. Rate-of-change curves are usually convex, however, with changes occurring most rapidly at the beginning (Odum, 1969; Connell, 1978) . Moreover, after these early stages of ecological succession, the relationship between variety of species and ecosystem development becomes more controversial (Odum, 1969) . This relation was not observed in this study, as group I, the most recent group, also presented one of the highest N MS . It is likely that the most recent group, which is composed of 4-7 year flows, was old enough to minimize the effect of the age of sites on N MS (asymptotic tendency of the convex rate-of-change curves). While an increase in the variety of species, together with reduced dominance by any one species or small group of species, can be accepted as a general probability during succession (Connell, 1978) , there are other community changes that may work against these trends. A decrease in the interval between disturbances and an increase in the intensity of these disturbances are trends that may reduce the number of species that can live in a given area (Connell, 1978; Grigg, 1983) . The decreasing intensities of the volcanic disturbances, from the most recent flows (group I) to the north of the study site (group III), with the same interval between disturbances, however, do not appear to be linked to an increase in N MS . Finally, intrinsic and extrinsic habitat characteristics such as slope (Bell & Galzin, 1984) , structural complexity (Chabanet et al ., 1997 ) and exposure to swell or currents (Lara & Gonzalez, 1998; Floeter et al ., 2007) can also have an effect on species richness. The habitat characteristic of high structural complexity observed in both groups I and III, due to unconsolidated lava boulders, rocks and rubble (group I; Godwin & Kosaki, 1989) and high coral richness and cover (group III; Chabanet et al ., 1997) respectively, could be implicated in the high N MS observed for these two groups. By comparison, group II was characterized by wave-smoothed compact lava with low coral cover, considered to be a habitat with low structural complexity (Chabanet et al ., 1997; Letourneur, 1998) .
The higher N MS of Holocentridae observed in group III could be due to the high coral cover observed on the well-developed coral communities in the north of the study site. Indeed, 60% of the Holocentridae species sampled during the survey were considered as species that occur exclusively in coral-reef habitat (Fricke et al ., 2009) . By comparison, only 22% of the Chaetodontidae and 12% of the Serranidae sampled during this survey possessed this status (Fricke et al ., 2009) . The higher N MS of Serranidae observed in group I could be due to the higher densities of juvenile fishes on the most recent flows. Despite the lack of quantitative data collected during the study, this distributional trend was described by Godwin & Kosaki (1989) , who noted that juvenile densities were highest on the youngest flows. The Serranidae species sampled during the survey comprised 71% of small-bodied demersal species with a relatively opportunistic diet, in which fishes (mainly juveniles) can be an important part of their food [C . urodeta, strawberry hind Cephalopholis spiloparaea (Valenciennes 1828) and starspotted grouper Epinephelus hexagonatus (Forster 1801)] (Myers, 1999; Froese & Pauly, 2012) .
T RO P H I C S T RU C T U R E
Despite the location of the study site on a rocky coast, the results obtained for the trophic structures during the survey were comparable to the values for the western Indian Ocean coral reefs (Table V) . The regional differences observed in trophic structures appear to indicate that they are more dependent on local conditions than on regional features . Thus, the trophic structure of the fish communities in the volcanic area was very similar to those observed in Rodrigues (Heemstra et al ., 2004) and the Geyser and Zélée banks . Conversely, it was very different from those measured on Reunion Island's coral reefs, which have relatively low percentages of carnivore species compared with herbivores. The presence of a large number of carnivore species, generally varying between 60 and 80% of the N TS , is a characteristic of fish communities in coral-reef environments (Harmelin-Vivien, 1989 ). Thus, the trophic structure of the rocky-coast ichthyofauna sampled during this study was common to coral-reef communities. On the contrary, Reunion Island's coral reefs showed a percentage of carnivore species below these reference values. The small surface area of coral reefs in Reunion Island and their level of perturbation due to high anthropogenic stresses must be taken into account, however, when interpreting these findings (Tessier et al ., 2008) . The trophic structure of the entire fish community in the study site was characterized by the absence of top predators and the persistence of opportunistic species, mainly composed of small-bodied lower-level carnivores (diurnal consumers of benthic invertebrates and zooplanktivores). This trophic feature is characteristic of a disturbed environment (Odum, 1969; Sandin & Sala, 2012) . Indeed, disturbed areas are often characterized by a reduction in the length of food chains that promotes the establishment of opportunistic species (Caswell & Cohen, 1991) . It is assumed that the sample size or the area covered may have been too small to assess large-bodied rare species and that even moderate levels of fisheries exploitation can have an effect especially on large-bodied species (Russ & Alcala, 1989; Jennings & Polunin, 1996) . Ecological characteristics, such as high inter and intraspecific competition and temporal resource availability, however, could also favour intraguild predation between higher-level carnivores and could contribute to their scarcity (Polis et al ., 1989; Holt & Polis, 1997; Arim & Marquet, 2004) .
The higher %N MS of browsers of sessile invertebrates measured in group III is probably due to the high coral cover observed in the well-developed coral communities in the north of the study site. Chabanet & Faure (1994) and Chabanet et al . (1997) relate the effect of high coral cover on the occurrence and richness of browsers of sessile invertebrates, as coral polyps represent a significant part of their diet (Hiatt & Strasburg, 1960; Hobson, 1974; Myers, 1999) . The higher %N MS of omnivores in groups I and II could be a trophic response to the infrequent, but acute, volcanic disturbances affecting these two groups. High diet flexibility can occur in response to temporal resource availability, density-dependent behavioural shifts and facultative responses to novel food or its disappearance following a disturbance to the habitat (Sandin & Sala, 2012) . The higher %N MS of piscivores observed in group I, such as that of Serranidae, could be a consequence of higher densities of juvenile fishes on the most recent flows (Godwin & Kosaki, 1989) .
The 965 marine fish species in the inventory of Fricke et al . (2009) in Reunion Island were mainly composed of widespread tropical Indo-Pacific species (631 species, 65% of the total indexed species). Only 126 species (13%) were circumtropical, 128 species (14%) were Indo-West Pacific and 81 (8%) were endemic to the south-western Indian Ocean and the Mascarene Islands. Compared to these global results, censuses of this study were mainly characterized by a relatively high richness in the south-western Indian Ocean endemics (12%) and a lack of circumtropical species (2%). The rarity of this last category, largely composed of pelagic and semi-pelagic species, is consistent with previous observations on species richness that mentioned a virtual absence of pelagic species in faunal inventories of the Piton de la Fournaise. These results were also consistent with the observations of Pinault et al . (in press) who observed that fish communities in the south-east of Reunion Island harboured the island's lowest percentage of circumtropical species and the highest proportion of south-western Indian Ocean endemics. The 31 endemic species recorded during this survey had very convergent characteristics. Almost all were small-bodied (25 species, 81%, had an asymptotic length of <30 cm), were encountered in shallower waters (25 species, 81%, had a maximum depth of <40 m), with high reproductive rate (23 species, 74%, had a minimum population doubling time of <15 months), non-selective diet (10 species, 32%, were omnivores) and small habitat range (22 species, 71%, were sedentary) (Froese & Pauly, 2012) .
The higher %N MS of the south-western Indian Ocean observed in groups I and II could be the result of these convergent biological traits, which are characteristic of species commonly found in the early stages of ecological succession (Sandin & Sala, 2012) , as the two groups were the most intensively affected by volcanic disturbances. Thus, the adaptability of the south-western Indian Ocean species and their strategy of colonization could compensate for their low competitiveness (Odum, 1969; Ramade, 2003) .
There were very few regional data references on species life history. Pinault et al . (in press) , however, showed that the southern fish communities of Reunion Island are composed almost entirely of species of classes 1 and 2 (91%). In addition, although fewer species of class 3 are present in the south, their number increases to 30% of recorded species on the north coast of the island. The results of this study, with 81% of species from classes 1 and 2 and only 19% from class 3, were consistent with this spatial pattern. Odum (1969) showed that in the developmental stage of succession, organisms tend to be small and have simple life histories and rapid rates of reproduction. As the ecosystem develops, however, the selective advantage shifts to larger organisms, which have greater storage capacities and more complex life histories and are therefore better adapted to exploiting seasonal or periodic releases of nutrients or other resources (MacArthur & Wilson, 1967; Odum, 1969) . Levins (1969) and Galarza et al . (2009) have also shown that genetic viscosity caused by the fragmentation of a homogeneous population into several subpopulations, for various reasons, including habitat and behavioural changes, could favour intraspecific competition, especially for access to food, and could affect reproductive rates among sub-populations, thus favouring opportunistic species with high fertility. Lava flows are probably the most acute and the most influential causes of disturbance and fragmentation of habitats on the south-east coast of Reunion Island. The stringency of the environmental variables (swell and rain) and the extreme narrowness of the insular shelf could, however, likewise favour the sustainability of the developmental stage of ecological succession.
In conclusion, this first survey of the fish communities in the Piton de la Fournaise lava flows revealed ecological features of great interest, both in terms of total species richness and of percentage of the south-western Indian Ocean endemics. Moreover, the overall sampled fish community showed very unusual life-history strategies and trophic structure, with a large majority of small-bodied lower-level carnivores having dietary flexibility and high fertility. These tendencies, which increased significantly from the north to the south of the study site, appear to be a consequence of, or an adaptation to, acute and intensive disturbances caused by volcanic activity. The fact that these biological traits were found throughout the study site could imply, however, that stringent environmental conditions (e.g. the high hydrodynamic energy, widespread runoff and percolation and the narrowness of the insular shelf) and the seasonal fluctuation of food resources, including pelagic nutrients, are also responsible for this situation. Regarding the broader influences, this study increases the understanding of other types of acute disturbances (e.g. increased storm activity as a result of climate change and increased acute anthropogenic pressures due to dangerous maritime practices) and helps to better understand how ecosystems can resist or recover from these perturbations. This study also helps to better understand the process of ecological succession that leads to the establishment of fish communities on newly submerged habitats, such as artificial reefs. It would be interesting to continue the investigation in a different season (e.g. austral winter) and at depths beyond 30 m, as many other authors have recognized that depth is the variable with the most significant effect on the structure of fish communities (Booth & Wellington, 1995; Friedlander & Parrish, 1998) , both in their composition (species richness) and trophic and demographic structures. Most species sampled during this investigation were restricted to shallow water and it is likely that many were not observed as they live in deeper areas. Quantitative data, with a focus on recruitment periods on new lava flows, especially for the south-west Indian Ocean endemic species, might help to test some of the hypotheses made in this study. This quantitative approach to the community would also provide a basis for comparison with the results obtained by Godwin & Kosaki (1989) on recent lava flows of the Kilauea in Hawaii. Dendrochirus biocellatus (Fowler 1938 *range extension species for Reunion Island; Occur., occurrence (number of observations per total number of stations); Diet, diet category (H, herbivore; O, omnivore; Cd, diurnal carnivore; Cn, nocturnal carnivore; Pd, diurnal planktivore; Pn, nocturnal planktivore; Bi, browser of sessile invertebrates; P, piscivore); Life H., life history (1, small-body, rapid growth, very high gonado-somatic index; 2, smallbody, growth initially rapid, slows after first reproduction, high gonado-somatic index; 3, medium to large-body, growth initially rapid, slows after first reproduction, medium to low gonado-somatic index); Geogr., geographical distribution (CT, circumtropical; IP, Indo-Pacific Ocean; IW, Indo-West Pacific Ocean; SW, south-western Indian Ocean and Mascarene Islands).
